We report the study of far-IR sizes of submillimeter galaxies (SMGs) in relation to their dust-obscured star formation rate (SFR) and active galactic nuclei (AGN) presence, determined using mid-IR photometry. We determined the millimeter-wave (λ obs = 1100 µm) sizes of 69 ALMA-identified SMGs, selected with ≥ 10σ confidence on ALMA images (F 1100µm = 1.7-7.4 mJy). We found that all the SMGs are located above an avoidance region in the millimeter size-flux plane, as expected by the Eddington limit for star formation. In order to understand what drives the different millimeter-wave sizes in SMGs, we investigated the relation between millimeter-wave size and AGN fraction for 25 of our SMGs at z = 1-3. We found that the SMGs for which the mid-IR emission is dominated by star formation or AGN have extended millimeter-sizes, with respective median R c,e = 1.6 +0.34 −0.21 and 1.5
INTRODUCTION
The morphology and size of star-forming regions in submillimeter galaxies (SMGs) are important properties with which we can address the nature of their prodigious, dust-obscured star formation, and consequently the formation and evolution of the most massive galaxies. The Atacama Large Millimeter/submillimeter Array (ALMA) is enabling astronomers to image highredshift SMGs with angular resolutions of 0 ′′ .3. Some ALMA studies have reported effective radii (R e ) of ∼ 0.3-3 kpc (e.g. Ikarashi et al. 2015; Simpson et al. 2015; Hodge et al. 2016) . These radii are small compared with what astronomers expected from studies of SMG sizes based on radio continuum and CO emission (e.g. Tacconi et al. 2006; Biggs & Ivison 2008; Ivison et al. 2011) . These new results represent a new milestone in our understanding of star formation in SMGs, suggesting that these galaxies plausibly evolve to compact quiescent galaxies (e.g. Toft et al. 2014; Ikarashi et al. 2015; Simpson et al. 2015) .
As a next step, it would be useful to test the hypothesis that SMGs are connected to the formation of the most massive galaxies, being triggered by major mergers, and then evolving into compact quiescent galaxies via quenching in a QSO phase (e.g. Sanders et al. 1988; Hopkins et al. 2008; Toft et al. 2014) . The compact submillimeter sizes of SMGs, including recent reports of the existence of subkilopersec-scale starburst cores (Iono et al. 2016; Ikarashi et al. 2017; Oteo et al. 2017) , suggests that the intense star-formation activity might be quenched by active galactic nuclei (AGN), as observed in some luminous QSOs (e.g. Maiolino et al. 2012; Carniani et al. 2016) . The link between SMGs and QSOs is still unclear, though. However, previous X-ray (e.g. Alexander et al. 2005; Wang et al. 2013) and mid-IR (e.g. Ivison et al. 2004; Coppin et al. 2010; Serjeant et al. 2010 ) studies indicate that some SMGs do harbor AGN.
In this letter, we report a millimeter-wave size study of 69 ALMA-identified AzTEC SMGs. Firstly, we study the empirical relation between the ALMA continuum flux densities and the millimeter-wave sizes of SMGs. Secondly, we investigate the relationship between millimeter-wave sizes and the presence of AGN in SMGs at z = 1-3, as determined from mid-IR data. We adopt throughout a cosmology with H 0 = 70 km s −1 Mpc −1 , Ω M = 0.3, and Ω Λ = 0.7.
2. ALMA OBSERVATIONS AND SAMPLES The sample used in this paper comes from our ALMA 1100-µm continuum imaging survey of 144 bright AzTEC/ASTE sources with F 1100µm, AzTEC ≥ 2.4 mJy in the Subaru/XMM-Newton Deep Field (SXDF; Furusawa et al. 2008 ). The SXDF survey was conducted in the ALMA Cycles 2 and 3 (2013.1.00781, 2015.1.00442.S: PI. Hatsukade; B. Hatsukade et al. 2017, in preparation) .
The ALMA observations in Cycle 2 were carried out with the array configurations C34-5 and C34-7, with 37-38 working 12-m antennas covering up to a uv distance of ∼ 1500 kλ. In Cycle 3, the observations were executed in array configuration C40-4, covering up to a uv distance of ∼ 1000 kλ. On-source integration times per source in each cycle were 0.6 min. The typical synthesized beam size for our ALMA continuum images is ∼ 0.
′′ 30 × 0. ′′ 23 (PA ∼ 56 • ), after combining the Cycle 2 and 3 data. The average r.m.s. noise level is 120 µJy beam −1 . The images were generated with Briggs weighting, using a robust parameter of 0.3.
The ALMA continuum maps yielded 70 ALMAidentified AzTEC SMGs (hereafter ASXDF SMGs) with S peak /N ≥ 10 detections, suitable for reliable ALMA millimeter-wave size measurements (e.g. Ikarashi et al. 2015) . We removed one lensed SMG (ASXDF1100.001; Ikarashi et al. 2011) , leaving 69 SMGs. ALMA fluxes were re-measured in tapered ALMA images with a synthesized beam of ∼ 0 ′′ .6, which is larger than the measured mm-wave sizes of SMGs in this paper, using the IMFIT task in CASA.
For 51 ASXDF SMGs, we obtained well-constrained photometric redshifts, with a median error δz = 0.13 ± 0.02, based on the individual 1-σ errors estimated by Le Phare (e.g. Ilbert et al. 2006 ) in spectral energy distribution (SED) model fitting using the B, V , Rc, i ′ , z ′ , J, H, Ks, 3.6 and 4.5 µm data (S. Ikarashi et al. 2017, in preparation) . The remaining SMGs lie outside the coverage of the optical/near-IR images, or have individual 1-σ errors of > 1. Photometric and spectroscopic redshifts from the literature are listed in Table 1 .
ALMA MILLIMETER-WAVE SOURCE SIZE MEASUREMENTS
We measured millimeter-wave sizes as circularized effective radii (R c,e ) for the 69 ASXDF SMGs with ALMA visibility data, in the same manner as Ikarashi et al. (2015) . We used uv-distance versus amplitude plots (hereafter uv-amp plots) for our measurements. Although the ALMA data cover uv distances up to ∼ 1500 kλ, we used only data at ≤ 500 kλ, which corresponds to a scale of ∼ 0.
′′ 2. Adopting this cutoff for the longest uv distance is the equivalent of smoothing with a larger size kernel in the image plane. We aim to mitigate the effects of possible clumpy structures in the size measurements and to measure R c,e robustly. For the sources detected with ≥ 10σ in the ALMA Cycle-2 images alone, we measured their sizes using only Cycle-2 data, to avoid effects due to any systematic absolute flux calibration offsets between our Cycle 2 and 3 data 1 . We measured sizes by fitting a Gaussian model to the observed data in the uv-amp plots. When we measure the size, the other sources (≥ 5σ) in each ALMA image were removed from the visibility data based on simple source properties derived by IMFIT task.
In order to estimate possible systematics in the size measurements, we injected mock sources into ALMA noise visibility images, generated from the actual ALMA data as in Ikarashi et al. (2015) . Briefly we injected a symmetric Gaussian component for a range of source sizes and flux densities that cover the putative parameter range of our ASXDF sources with uniform probability. As tested in Ikarashi et al. (2015) , our method can measure circularized effective radii correctly even if a source has an asymmetric Gaussian profile. We corrected our raw measured sizes based on the results of the simulations for the data used in this paper. As a result, we obtained ALMA millimeter-wave sizes of 0 ′′ .08-0 ′′ .68 (FWHM) for the 69 ASXDF SMGs. Note that ASXDF1100.009.1 has two distinct millimeter-wave components with a separation of ∼0 ′′ .6, sharing a host galaxy at z spec = 0.9. shows all 69 ASXDF SMGs in an ALMA 1100-µm vs. millimeter-wave size plot. Additionally, we plot 13 ALMA-identified, fainter SMGs at z 3 from Ikarashi et al. (2015) . ASXDF SMGs are absent from the top-left and the bottom-right corners of this plot. The expected source selection limit for ≥ 10σ continuum detection based on simple Gaussian models explains the absence of SMGs in the top-left corner. The bottom-right corner, instead, is free from any such selection biases, so the absence of SMGs requires an explanation.
The absence of SMGs in the bottom-right corner of Fig. 1 can be interpreted as the influence of Eddingtonlimited star formation (Murray et al. 2005) . According to Younger et al. (2008) , which reported pioneering studies of maximum star formation in bright SMGs, a maximum star-formation rate is given by
where D kpc is the characteristic physical scale of the starburst region in kpc, σ 400 is the line-of-sight gas velocity dispersion in units of 400 km s −1 , and κ 100 is the dust opacity in units of 100 cm 2 g −1 . Here we adopt a Chabrier initial mass function (Chabrier 2003) ; κ 100 = 1, as in Younger et al. (2008) ; and a median gas velocity dispersion of 510 km s −1 from CO line observations of SCUBA SMGs (Bothwell et al. 2013) . We also adopt 2× FWHM or 4×R c,e , which is expected to include 94% of the total light, as D kpc . The derived SF R max was corrected with this factor of 0.94. systematically ∼20% smaller. Therefore, we corrected the primary flux calibration for this effect.
In order to plot the relation between SFR and physical scale described by Equation 1 on Fig. 1 (the left panel), we assume a fixed redshift z = 2. The conversion factors from ALMA fluxes to SFRs were derived by bootstrapping given a dust temperature (T d ) distribution for lensed 1.3mm-selected galaxies (Weiß et al. 2013 ) and an SED library with T d information compiled in Swinbank et al. (2014) . For these assumptions, we obtain a possible range of Eddington-limited star formation rates.
For a more direct comparison of the millimeter fluxes and sizes of SMGs with Eddington-limited star formation, we re-plot 51 of the 69 SMGs at z = 0.7-6.8 with optical/near-IR photometric or spectroscopic redshifts on the SFR-physical size plane (Fig. 1, right panel) . The SFRs are derived from F 1100µm , given the range of possible dust temperatures T d and SEDs noted above. We assume that the AGN contribution to the submillimeter flux is negligible (see references in Rosario et al. 2012) . In order to visualize the coverage of the size-SFR plane produced by the large SFR uncertainties (due to the unknown dust SED temperatures), we show the full SFR probability density distribution (rather than a single value) for each SMG. The results in both panels of Fig. 1 show that the SMGs avoid the SFR region around the Eddington limit, suggesting that the minimum possible millimeter-wave sizes for bright SMGs are given by the Eddington limited star formation.
The empirical relation between flux and size can explain the apparent discrepancy between the reported (sub)millimeter-wave (median) sizes of 0.
′′ 20
+0.
′′ 03 −0. ′′ 05 by Ikarashi et al. (2015) and 0.
′′ 3 ± 0. ′′ 04 by Simpson et al. (2015) . Given F 870µm /F 1100µm = 2 for conversion of the observed fluxes, Simpson et al. (2015) We present our studies of the connection between the millimeter-wave sizes and AGN in SMGs, based on a mid-IR AGN diagnostic. We consider 25 ALMAidentified SMGs with 1 < z phot or spec < 3, which are detected in all IRAC and MIPS 24 µm images. All SMGs here have redshift information and a single component at ∼0
′′ .2 resolution. More than 15 out of the 25 are located above 4× the main sequence at z ∼ 2 in the stellar mass vs. SFR plane (Fig. 2) , indicating that the majority of the sample are starbursts (Bisigello et al. 2018) . Note that among the 29 SMGs with z = 1-3, four are not considered in our analysis: two SMGs are not detected at 24 µm and the other two are blended in the IRAC maps.
Mid-IR AGN diagnostic
A 4.5 µm/8 µm/24 µm color-color plot has often been used as an AGN diagnostic for high-redshift, dusty Left: ALMA 1100-µm flux vs. ALMA millimeter-wave size for the ASXDF SMGs with and without redshift information (filled black and blue circles, respectively). The black points correspond to the ASXDF SMGs obtained in our ALMA Cycle-2 and 3 projects, as analyzed in this paper. The grey shaded area shows the approximate source selection limit (10σ) on our ALMA images. The orange points show other ASXDF SMGs at z 3 from Ikarashi et al. (2015) . The light red shaded area shows a range of Eddington-limited star formation for the 1σ ranges of T d and gas velocity dispersion of known SMGs from the literature. The red solid line shows the Eddington-limited star-formation relation for the median T d and gas velocity dispersion. Right: SFR vs. effective radii in physical scale for the 51 ASXDF SMGs with available photometric or spectroscopic redshifts. The selection limit assumes a physical scale for z = 2. The background grey-shaded area shows P (SF R, size) for each SMG, taking into account the large uncertainty of the SFR due to the unknown dust temperature T d . The Eddington-limit relation is indicated with magenta lines (solid for the median and dashed for ±1σ of the gas velosity dispersion). Typical error bars are indicated with a red cross in the upper part of the plot. Open circles in both panels mark ASXDF1100.009.1, which has two distinct components in the ALMA image.
infrared-luminous galaxies, such as SMGs and DOGs at z ∼ 2 (e.g. Ivison et al. 2004 Ivison et al. , 2007 Pope et al. 2008a,b) . We refer the reader to Kirkpatrick et al. (2015) , who presented a detailed study of mid-IR SED evolution versus AGN fraction for high-z galaxies. Empirical SED templates (top left panel in Fig. 3 ) suggest that highredshift galaxies dominated by star formation or AGN in mid-IR light can be segregated from each other in the mid-IR color-color plane. The position of our 25 SMGs in this color-color plot shows that some of them do not follow either the model tracks for star-formationdominated or AGN-dominated galaxies.
We generated the expected mid-IR colors of galaxies that are a composite of SF and AGN by combining SEDs of SF and AGN with various SF/AGN ratios. This 'toy' color prediction reproduces the colors of 'composite SMGs' which are likely to be dominated by neither an AGN nor a starburst in the mid-IR (top right panel in Fig. 3) .
We divided the 25 SMGs into four sub-groups based on their 4.5/8/24-µm colors: star-forming, composite, AGN-dominant and 'no class'. The criteria are:
The model colors (top, Fig. 3 ) indicate that the SMGs categorized as 'no class' could be in the star-forming or composite classes. Due to this ambiguity, we consider the 'no class' separately.
Note that, In our diagnostic, the star-forming class and AGN dominant class are defined first. We choose F 8.0µm /F 4.5µm =1.15 as criterion for separation, as this ensures that all galaxies that satisfy neither an AGN criteria by Donley et al. (2012) nor another criteria by Stern et al. (2005) also lie on the star-forming region of the colour-colour diagram. The predicted 24µm/8µm color evolution with redshift, as derived by public empirical mid-IR SED templates for high-z star-forming galaxies, composite galaxies, and AGN dominant galaxies (Kirkpatrick et al. 2015) , are shown along with our sample SMGs (bottom left, Fig. 3 ). For these templates, the respective mid-IR AGN fractions of each sample are <20, 20-80, and ≥80%. In this plot we averaged the public SEDs in each AGN class, after scaling all fluxes at λ rest = 8 µm. The predictions based on the Kirkpatrick et al. SED templates suggest that our criteria for 24µm/8µm color can work to select an AGN-dominant class, and show that our composite type is expected to have typically AGN fractions of around ∼50%, consistently with our 'toy' models.
Results
In the millimeter-wave physical size vs. SFR plot (bottom right panel in Fig. 3 ), all SMGs with composite mid-IR components are evidently more compact and located closer to the Eddington limit than the other SMGs with star-forming dominant or AGN dominant mid-IR components.
The respective median R c,e for the SMGs classified as star-forming dominant, composites, and AGN dominant are 1. −0.24 kpc. The size difference between the SMGs with composite and starforming mid-IR components, and the difference between the SMGs with composite and AGN-dominant mid-IR components are real, with a significance level of > 99%, according to the Kolmogorov-Smirnov test. This indicates that the composite type galaxies are characterized by more compact star-forming regions than those of the star-forming or AGN-dominant types.
We also explored the relation between size and stellar mass in our sample and found that the size differences are not a consequence of different stellar masses. Composite SMGs are the most compact of the three types, even at fixed stellar mass.
None of our ALMA-identified AzTEC SMGs are detected in the existing XMM-Newton X-ray maps (Ueda et al. 2008) , probably because these maps are too shallow. Nevertheless, we can compare our results with the sizes derived for the host galaxies of five high-z, X-ray-selected AGN (L 2−8keV = 10 42.1−43.6 erg s −1 ) by Harrison et al. (2016) . These authors reported a size distribution for their AGN hosts similar to the SMG sizes in Simpson et al. (2015) . The most X-ray luminous source in their sample (with L 2−8keV = 10 43.6 erg s −1 ) has an extended size, and the remaining four (L 2−8keV = 10 42.1−43.4 erg s −1 ) have compact sizes, which are comparable to those of our composite type here (Fig. 3 , bottom right).
AGN growth during a very compact star-forming phase?
The very compact millimeter-wave sizes of the SMGs with composite mid-IR components suggest that a central supermassive black hole could be growing in a compact and coalescing star-forming phase, which is consistent with the predictions of Springel et al. (2005) for galaxy major mergers. The extended millimeter-wave sizes of the SMGs of the star-forming dominant class can be explained by a mid-stage merger as seen in, e.g., VV114 (Saito et al. 2015) . Actually ASXDF1100.055.1 with the star-forming dominant class shows mergerlike near-IR morphology (Fig. 4) . Instead, the extended sizes of the SMGs with the AGN-dominant class are puzzling. In line with the evolutionary scenarios of, e.g., Sanders et al. (1988) ; Hopkins et al. (2008) ; Toft et al. (2014) that SMGs evolve into QSOs, these extended sizes may be explained by positive AGN feedback by a growing supermassive black hole in the phase of star-formation quenching, as it is suggested by simulations for luminous AGN/QSOs (e.g. Ishibashi & Fabian 2012; Zubovas et al. 2013 ) and considered for some luminous QSOs (e.g. Carniani et al. 2016) . In fact, ASXDF1100.057.1 with the AGN dominant class has a QSO-like near-IR morphology (Fig. 4) . However, no significant near-IR morphological difference between AGN-host and non-AGN-host galaxies, that are not submillimeter selected, is reported (e.g. Kocevski et al. 2012) . The extended submillimeter sizes in our SMGs may come from the nature of their host galaxies.
Facilities: ALMA,Spitzer,Subaru,UKIRT,HST(STIS) HST images with ALMA continuum contours for three of our galaxies. All images are R(1.6µm)/G(1.2µm)/B(0.8µm) composites from CANDELS-UDS. The cyan contours correspond to the ALMA 1100-µm continuum (3, 5 and 7σ; 1σ ∼120µJy beam −1 ). The magenta circles indicate the circularized effective radii of ALMA 1100-µm continuum emission. The green circles correspond to the 1.6-µm continuum. The respective effective radii (Rnir,e) are 6.3±0.23, (240±1.7)×10 −3 , and 3.6±0.16 kpc, for ASXDF1100.055.1, 057.1, and 095.1, after PSF deconvolution. The HST sizes are based on van der Wel et al. (2012) . Notes. † ALMA flux, SNR, and size measurements are conducted in the ALMA data after combining the Cycle 2 and 3 data. For sources without † , all ALMA measurements were done in the ALMA Cycle-2 data. ⋆ The SMGs are not included in the analysis in § 5 because of non-detection in 24 µm.
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